Little if any research has examined the variability in time to exhaustion (TTE) during submaximal treadmill running. This study investigated the test-retest reliability of submaximal treadmill TTE as a measure of endurance capacity. Sixteen endurancetrained males (n=14) and females (n=2) completed a run to exhaustion at 70% (T1) and repeated the same run three weeks later (T2). At 30 min intervals during each run, expired gas, heart rate (HR) and ratings of perceived exertion (RPE) were collected. Mean ± SD TTE was 96 ± 20 min in T1 versus 101 ± 29 min in T2 (P=0.3). The mean ± 95% confidence intervals (CI) of the coefficient of variance (CV) was 5.4% (1.4 -9.6). The average intraclass correlation coefficient (±95% CI) was 0.88 (0.67 -0.96) between trials. The respiratory-exchange ratio was not different between trials, T1: 0.87±0.1 and T2: 0.89±0.1 (P>0.05) and neither was total whole-body carbohydrate oxidation (2.1±0.4 g·min -1 and 2.3±0.6 g·min -1 ), fat oxidation (0.6±0.2 g·min -1 ), HR (178±8 and 175±7 beats·min -1 ) or RPE (17±3 and 16±3). These results suggest that use of prolonged treadmill-based TTE can be a reliable research tool to assess human endurance capacity in aerobically-trained men and women. max 2 O V 
Introduction:
To examine the effects of different nutritional interventions on performance and fatigue, exercise protocols often require individuals to exercise until the point of volitional exhaustion (time to exhaustion; TTE) or complete a set distance or amount of work as quickly as possible (time trial; TT). A meaningful physiological performance test requires reliability, such that reproducible results are obtained when a test is performed repeatedly [16] . The internal validity of TTE is well established to measure fatigue [5, 23, 33] , with external validity also apparent for various exercise scenarios and occupational tasks [1] . However, a focus of much attention and debate is the reliability of TTE in study protocols, particularly relative to TT tests [11, 16] , evidenced by some investigations reporting insufficient reliability of TTE with a coefficient of variation (CV) of 13-27 % [18,21,24] . Nevertheless, it can be postulated that the reliability of any exercise protocol will depend on the specific measures/protocol employed and thus no single CV can be assigned to a given exercise test, which can be expected to vary within and between laboratories.
The mode and intensity of a TTE test appears to influence the degree of variability [24] . With longer duration fixed intensity, TTE protocols may carry greater variability than those with shorter duration [11, 16] . Nonetheless, it has been argued that TTE may not be a reliable measure when the exercise intensity is increased above 80 % [19] , which may be related to differences in fatigue mechanisms and interindividual differences once test intensity approximates the aerobic/anaerobic 'threshold' [6] . To support this notion in TTE exercise protocols, it has been shown that exercise intensities < 80 % appear to have lower CV (≈9 %) [13, 23] than those utilising maximal short-duration protocols [7] , but this is not universal
. The reliability of different treadmill running protocols has been investigated in the context of TT performance [26] [27] [28] . To our knowledge, however, there is no information pertaining to the reliability of TTE during submaximal treadmill running in endurance-trained individuals. In concordance, the aim of this study was to investigate the test-retest reliability of prolonged moderated-to high-intensity run time to exhaustion as a measure of human endurance capacity.
Materials and Methods

Participants
Sixteen healthy active males (n=14) and females (n=2) participated in this study 09/H0101/82) in accordance with international standards [14] and was part of a wider project on the effects of nutrition on post-exercise recovery and repeated exercise [1] .
Preliminary measurements
Participants underwent one preliminary visit to determine submaximal ( ) and 
Experimental design
Participants completed two main trials (T1 and T2) in a repeated measures experimental design separated by a space of three weeks (95% CI; 2-3 weeks), an interval which was consistent with a previous assessment of reliability of endurance performance using a treadmill [27] . Each trial involved a run to exhaustion at 70 % 
Experimental protocol
The experimental protocol is described in detail elsewhere [1] . Briefly, each participant arrived to the laboratory in the morning (≈08:00) in a post-absorptive state following ≥ 10 h overnight fast. After confirming their informed consent to take part in the study, each participant provided a urine sample to assess hydration via cryoscopic osmometer (Advanced Instruments, Inc, Norwood, MA, USA) and 
Statistical analysis
Paired differences were tested for normality using the Shapiro-Wilk test and single comparisons between two means were analysed by using a paired sample t-tests when normally distributed. Where data were deemed in violation of normality, a nonparametric equivalent (i.e Wilcoxon signed rank test) was employed to compare medians. A visual inspection using quantile-quantile (Q-Q) plots showed that run times to exhaustion data were within the quantiles of a standard normal distribution, with a skeweness of 0.029 (standard error; SE= 0.564) and kurtosis of -0.902 (SE= 1.091) in T1 and a skewness of 0.923 (SE= 0.564) and kurtosis of 0.010 (SE= 1.091).
Coupled with the Shapiro-Wilk test (P> 0.05) the data can be assumed as normally distributed [15, 30] . The mean coefficient of variation (standard deviation/mean x 100) with the associated 95 % confidence intervals (CI) was calculated to establish error in measurement between TTE protocols (i.e. absolute reliability). Intra-class correlation coefficients (ICC) with a two-way mixed effects was used to determine relative testretest reliability, with ≤ 0.50 indicating moderate reliability, 0.70-0.89 high reliability, and ≥ 0.90 very high reliability [25] . Relative reliability was supplemented by including Pearson product moment correlation coefficient (r) and coefficient of determination (R 2 ) to assess the association between the performed exercise protocols.
Bland and Altman plots were used to determine absolute bias using 95 % limits of agreement (LoA). A two-way linear mixed model (trial x time) was used to identify differences between trials over time, with participants inserted as random effects and trial and time as fixed effects (covariates). This statistical approach allows to model for nonlinear changes in a dependent variable across time, which is often associated with a number of physiological variables (e.g. heart rate), while also acknowledging both group and individual changes over time [20] . A post hoc analysis (G*power 
Results
There was no systematic bias in time to exhaustion between T1 and T2, and neither were any trial order differences apparent at the relative time points of walk-1 (84 ± 19 versus 90 ± 29 min), walk-2 (91 ± 19 versus 96 ± 29 min) or TTE (96 ± 19 versus 101 ± 29 min), respectively ( Figure 1) . The mean ± 95 % CI of the typical error of measurement expressed as CV was 5.4 % (1.4 -9.6) at the point of exhaustion, hence was marginally lower than walk-1 (6.3 %; 1.7 -11.0) and walk-2 (5.7 %; 1.4 -10).
Percent change in mean TTE ± 95 % CI across T1 and T2 trials was 3.7 % (-4 -11.3), which was also lower than percent change in mean to reach walk-1 (5.7 %; -3 -15) and walk-2 (4.4 %; -4 -13). In relation to differences from walk-1 to the point of volitional exhaustion (TTE), no trial x time interactions were identified (P= 0.8).
Participants were able to run 11 ± 3 min from walk-1 until the point of volitional exhaustion, although this was not statistically significant (P= 0.07). Participants were able to run for 6 ± 2 min from walk-1 to walk-2 and 5 ± 2 min from walk-2 to TTE.
Relative exercise intensities were successfully matched between trials and averaged 69. 6 
Discussion
Relative reliability is concerned with measurement error relative to between-subject variability, whereas absolute reliability is the degree to which repeated measurements [3] . This study investigated the test-retest reliability of prolonged moderate-to high-intensity run time to exhaustion as a measure of human endurance capacity. Here we demonstrate high relative and absolute test-retest reliability of time to exhaustion as measure of endurance capacity during prolonged (> 60 min) treadmill running and thus may be acceptable to detect small but meaningful effects upon endurance capacity. To our knowledge, this is the first study to assess the reliability of a treadmill based prolonged exhaustive exercise protocol.
Previous comparisons between TT and TTE have examined the reliability of these measures, and notable variability in the reliability of TTE exercise protocols can be observed relative to TT measures [11, 16] . However, numerous extraneous variables may affect reliability such as the mode of exercise employed, individuals being tested, laboratory environment and, importantly, familiarisation. The low measurement error presented here is in agreement with a study using prolonged (> 60 min) cycling [23] but is in contrast to other prolonged cycling-based investigations [13, 18] . Moreover, the present findings are not consistent with other shorter duration running-based TTE protocols of only 6-18 min [7, 21] . Gleser and Vogel (1971) have reported the presence of a systematic order effect and an associated higher degree of variability (CV= 13 %) when repeated TTE exercise bouts were performed in untrained participants unaccustomed to exercise tests to exhaustion wand were not familiarised to the exercise protocol [13] . This was further corroborated by McLellan et al. (1995) , who reported a CV of 17 % in participants who were not aerobically trained [24] .
Indeed, TT may carry greater reliability from the outset, particularly if using relevant athletes and/or if repetitive familiarisation with TTE is to be avoided. However, the current findings further support the notion that the reliability of an exercise protocol may vary substantially between laboratories and the degree of variability in TTE tests can be influenced by familiarisation, participant characteristics and the specific protocol utilised. In the current study, young, healthy and aerobically trained participants underwent a familiarisation trial identical to the experimental procedures.
These considerations may have a profound impact in the sensitivity of an exercise protocol [13, 24] . Critically, no training effect would therefore be expected nor was detected in our cohort of participants, as evidenced by the similar relative exercise intensity, RPE and HR response between trials. In addition to the aforementioned steps, we also employed a number of measures to increase the absolute reliability of the TTE protocol. We standardised the nutritional status of participants prior to the commencement of each trial to diminish any carry over effect to metabolism and/performance [9] . Indeed, it has been postulated that longer duration protocols may present higher variation than short protocols [11] , mainly associated with the known role of prior nutrition and the inherent link between pre-exercise glycogen availability and the endurance capacity [5] .
With regards to the prolonged nature of the adopted TTE protocol, it is also conceivable that environmental conditions and hydration status may influence the reliability of the tests. In the present study, the laboratory environment was successfully standardised as shown in the similar ambient conditions (temperature, humidity and barometric pressure), pre-trial hydration status and changes in BM across the experimental procedures. Collectively, the control measures conducted in the present study may have contributed to the minimised absolute measurement error (CV = 5.4 %) associated with previously reported TTE protocols [7, 21] .
An important quality of a valid test of prolonged endurance capacity is that participants reach a 'metabolic endpoint' (i.e. volitional exhaustion coincident with metabolic substrate disturbance/depletion as opposed to injury, stomach discomfort or mere boredom). To help participants gauge their fatigue more accurately, we incorporated two 2-min walks in the current protocol before terminating the TTE test.
Prior to each trial, participants were informed not to use any of the walks for tactical reasons but rather to indicate the need to reduce the running speed only once they felt unable to sustain the exercise intensity (i.e. where they would stop if there were to be no further opportunity to continue). These individuals were able to run for 11 ± 3 min from walk-1 to TTE, which represents ≈11 % of the total time to exhaustion during the endurance capacity test. Muscle glycogen resynthsis would be restored at very low rates in the absence of carbohydrate ingestion (0.5 mmol.kg dry mass -1 .min -1 ; [17] ).
Thus, given that muscle glycogen utilisation would be 3.2 mmol.kg dry mass -1 .min -1 during treadmill running the intensity employed here [32] , any resynthesis of muscle glycogen during the 4-min of walking could only account for < 1 min of extended exercise time. It is therefore reasonable to suggest that including walking intervals is important to help participants better gauge their level of fatigue and more completely deplete their muscle glycogen levels.
There were several important limitations in the current study. The experiment was not designed to assess the specific role of individual extraneous variables in improving reliability of TTE exercise protocol. As a consequence, it is not possible to determine the precise factor(s) contributing to the lower variability reported here than previously. It is also noteworthy that expired gas and blood sampling measurements were obtained during the TTE protocol (blood data not shown), which may have had a negative influence on the mental concentration of participants [18] , albeit that is the context in which TTE tests are normally used. It is also worth stating that only two female participants took part in the current study and thus sex-specific difference on the variability of TTE exercise protocols remain largely unknown. Notwithstanding that, the variability between the two trials in these females (CV=1.5 %) reflects a similar pattern to their male counterparts; a larger sample of female participants is required to establish the presence of any sex-specific differences on variability of TTE measures.
Reliability could be considered as the amount of measurement error that has been deemed acceptable for the effective practical use of a measurement tool [3] . In this respect, it may be considered that TT and TTE are inherently different measurement tools, each encompassing their own level of acceptable 'noise'. Indeed, it has been postulated that the signal-to-noise ratio may be greater in TTE when compared to TT [16] . Accordingly, a reliable test can be judged on the basis of its sensitivity for detecting worthwhile changes [21] . The bias present between the two TTE tests was shown to be 4 % and in accordance can be deemed as acceptable measurement tool under the commonly accepted measurement error of ≤ 5% [2] . This is further supported when considering a greater signal-to-noise ratio (i.e. relative higher variability than TT but larger changes in the outcome measure) as demonstrated by > 20 % change typically seen in TTE in response to various experimental interventions [12, 22, 23] , despite the fact that the magnitude of change is likely to be dependent on the specific intervention. Therefore, when considering the culmination of the relative and absolute reliability measurements observed in the current study, it would appear that the current TTE protocol can be a reliable tool for research purposes.
In conclusion, this study demonstrates high absolute and relative reliability between two exhaustive bouts of prolonged moderate-to high-intensity treadmill running in endurance trained participants. The use of aerobically trained individuals who are familiarised to TTE exercise protocol may have contributed in obtaining more reliable measurement outcomes [16] . Moreover, the inclusion of short intervals of reduced intensity during the exercise protocol may be an important consideration to reach a 'metabolic endpoint' and therefore a more accurate reflection of endurance capacity. 
